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Calibrated Measurement of Optoelectronic
Frequency Response

Paul D. Hale Senior Member, IEEEand Dylan F. WilliamsFellow, IEEE

Abstract—We describe the most straightforward method for Port1 Port 2
accurately measuring the frequency response of optoelectronic a . .. g-a
devices. The method uses a calibrated optical reference receiver, g I Lo > :
a modulated optical source, and a calibrated electrical vector b < o—— —+=0 b,
network analyzer. } 12 v, *

Index Terms—Calibration, frequency response, measurement, O: ‘ 05

optoelectronic devices, scattering matrices.

Fig. 1. Schematic showing waves flowing in and out of component. Ports 1
|. INTRODUCTION and 2 are represented by dotted lines.

E DESCRIBE how a calibrated electrical vector net- ) ) o
Wwork analyzer (VNA), modulated optical source, and _The cahb_ratlon _and measurement procedure we desc_rlbe in
calibrated optical reference receiver are used to accurately mgis Paper is easier to perform than the one we previously
sure the frequency response of a large class of optoelectronic@@scribed in [1]: the calibrated VNA performs all of the electrical
vices including Mach—Zehnder modulators, electroabsorptiGiSmatch corrections automatically and it does not require a
modulators, directly modulated semiconductor lasers, and lin&&Yibrated power meter. Lightwave componentanalyzers (LCASs)
optical receivers. Although this type of measurement systerrSidch as those described in [2] can also perform the measurements
commonly used in the optoelectronics community, the theogggzr!bed here, and must also be calibrated. In Appendix V, we
behind the measurements and the procedures and restrict ribe how to apply the method to calibration or verification
necessary for accurate calibration are not generally well knovfff, LCAS. Some of the theory and procedures we describe in
Indeed, there are several competing approaches to optical 4}g Paper have been outlined in [3] and [4], and are similar
optoelectronic network analysis in the literature, some of whidf those recommended by LCA manufacturers [2].
may not be justified given the physics of the optoelectronic in- Finally, Appendixes I-1l discuss relations between the quan-
teractions and the limited information that the simple measurdies measured by the VNA system described here and Thévenin
ment system can provide. and Norfcon equ.lvalent sources, no_rmahzed receiver response,

To clarify the operation of these systems and their limitation@nd the input drive voltage, input drive current, angoltages
we develop a simple optoelectronic scattering matrix formalis modulated sources.
that is consistent with standard microwave theory and practice.
The formalism relates the optical modulation envelope at one Il. ELECTRICAL SCATTERING MATRICES

port of the device to the electrical wave at the other port and\ye start by briefly reviewing standard microwave circuit
describes the performance of optical receivers and modulatgeory [5], [6]. We explicitly define the electrical quantities we
optical sources. We then apply the formalism to calibration gfi|| use since their definitions effect our measured optoelec-
the optoelectronic measurement system and demonstrate Wighic quantities.
some simple examples. Standard microwave circuit theory defines all electrical pa-
Our formalism requires that no optical signals propagate fgmeters in single-mode electrical waveguides connecting all
the reverse direction between the modulated optical source afflices. As illustrated in Fig. 1, we begin by defining a single-
receiver to eliminate interference of the optical carrier with itseffequency sinusoidal voltagee(vei“t) and currenfRe(ie/?)
that cannot be accounted for by the test equipment or the Sfiﬁteach port, Wherae(.) gives the real part of its argument,
tering matrix formalism. To the best of our knowledge, this rgs the complex amplitude of the voltagés the complex ampli-
striction has never been discussed in the literature. In Section {Kde of the Currenw is the frequency in radians per Second’ and
we discuss the reasons for this restriction and compare our tregé the time. We also define an incident-wave amplituded a
ment with other optoelectronic scattering matrix formalisms angflected-wave amplitude at each port in terms of the voltage

measurement methods in the literature. amplitudev and current amplitudévia
a= v+1iZ
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Portl Ontical Port 2 We require that the optical powg(t) propagating in the for-
_ﬁ _ ptical port ‘:_ ward direction at the optical port between the modulator and re-
Op;‘cla] : Optical ceiver, due to a single-frequency electrical excitation, be of the
i« | receiver | form [7]-[9]
. —> b,
p(1) p(t) = po + pom cos(wt + ). 4)

Fig. 2. Schematic showing electrical waves and optical power flowing in ang 54) m is a (rea|) modulation index andis the phase of the
out of an optoelectronic system. The electrical and optical ports are represente C .

: modulation envelope. We do not restrict the frequency or phase
by dashed lines. ' ) ) ' '
modulation of the optical carrier because the optical receiver
does not respond to the optical carrier: it only responds to the

Here,Z,. is areal reference impedance, which is usually setm : . : .
" odulation envelope. The linear modulation described by (4
5092 . These waves are the “pseudo-waves” of [6]. These waves uiad ve'op ! wad ! v (4)

. : ) generally available from directly modulated semiconductor
correspond to the traveling waves in the waveguide [6] when t

. A ers and integrated modulators that are suitably biased and
characteristic impedance of the waveguide is real and equa Ren by a small signal. We can reasonably neglect harmonics
Z,. '

- . of the drive electrical signal generated by the modulator [10]

The1|nC|df?/t2and reflected waves in (1) are scaled by the ;5 e the VNA has a tuned receiver that effectively blocks
factor 3 (Zr) S0 that the paweP delivered to each port is the weak harmonics generated by real modulated sources.

1 . 1, . ) As we stated earlier, we also require that there be no optical
P = SRe(vix) = §(|a| — [b). (2) power propagating in the reverse direction (i.e., coming from or
reflected by the receiver or other optical component). This con-
That is, the power crossing the reference plane at each porgtgint avoids optical interference that would further complicate
the incident poweg |a|* less the reflected poweyib|* leaving  (4). We discuss this further in Section IX.
the port. The modulator reflects some of the electriaalwave inci-

We call a one-port device with an impedance equaZta dent on the circuit from the left-hand side, generating an out-
matched load. For a matched load- Z,i, the reflected wave going b, wave. However, since no optical power travels from
amplitudeb = 0 (i.e., the reflection coefficient’ = b/a of a right-hand side to the left across the optical port, a wavi-
one-port matched load is zero), and the matched load completgiyent from the right-hand side cannot contribute to the outgoing
absorbs the incident wave b, wave. Thus, we havig = T',,, aq, wherel',,, is the electrical

Fig. lillustrates the incident and reflected waves at a two-p@#flection coefficient of the modulator.
device, where subscripts “1” and “2” indicate the port number. We have already required that the modulator linearly modu-
Theincident and reflected waves of a two-port device are relatigge the power in the optical beam so the instantaneous optical

via the scattering of-matrix [S] power coming out of the modulator can be written as
m _[Su S H @) p(t) = po + Re{ Garer'} (5)
b2 521 522 a2 '

whereG is the complex response of the modulator. Since we
An electrical VNA calibrated in the conventional fashion meanhave required that there be no optical interference at the optical
sures the scattering parametéts of the device with a refer- port, we can equate the modulated signal generated by the mod-
ence impedancg, = 50 € [6]. The elements of th&-matrix uylator with the modulated signal entering the receiver:
are dimensionless because they are ratios of twedb waves.
We call S1; a reflection coefficient ands; the forward trans- Gay = pome’™. (6)
mission coefficient of the device.
Sinced relates an electrical amplitude to an optical power, it
IIl. SCATTERING MATRICES OFOPTOELECTRONICSYsTEMs ~ has the rather peculiar units of (optical power)/(square root of
) _ electrical power), i.e., the square root of power.
Let us determine the scattering parameters of the optoeleCype gjectrical wavé, emanating from the receiver has two
tronic system shown in Fig. 2. It consists of two separate cois rces: the modulated optical power incident on the receiver

ponents connected by an optical fiber: an optical modulator (9 the electricat, wave incident from the right-hand side and
dlrgctly modulgted laser) on the left-hand side, anq an optical flected back by the receiver's imperfect match.

ceiver on the ngh?-hand S|de_. The system has a smg_le electricalya define the receiver's complex resporidby
input port and a single electrical output port. The optical modu-

lator uses electrical signals at its input port (port 1 in this figure) b

to linearly modulate the intensity (power) of the optical signal k= mei®po |, o ™
at the optical port. The receiver responds linearly to the optical =
power, not the carrier, and is sometimes called a square-law dedescribes the amplitude of the forward electrical wave cre-
tector. Hence, the receiver linearly converts the intensity-modaked by an intensity modulated optical signal with modulation
lated optical signal back into an electrical signal at its electriceddexm whenas = 0, i.e., when the receiver is connected to

output port (port 2 in this figure). a matched load. SincR linearly relates an optical power to an
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electrical amplitude, it has the units of one over the square root 1
of power.

Since the electrical system is linear, we can add the signal
generated by the optical wave incident on the receiver to the
electrical wave it reflects from its electrical port to obtain=
T,as + Rpome’®, wherel, is the electrical reflection coeffi-
cient of the receiver.

Combining (6) with the above relation, we obtain the fol-
lowing equations relating the electrical waves with frequency
w at ports 1 and 2:

o
)

Calibrated VNA
A © Heterodyne
——>¢—— Uncalibrated VNA

Normalized response, dB
|

‘3 T T T T T
by =Tna
oo 0 2 4 6
by =T,as + RGa;. (8) Frequency, GHz
These equations can be written in matrix form as Fig. 3. Comparison of measured normalized respo28éog(R), described

in Appendix 1) of a commercial optical receiver. The data has also been
normalized to 0 dB at the lowest frequency. The expanded uncer{@iafyin
the heterodyne measurements is approximately 0.12 dB.

[bl} B {Fm 0} {al} _ St Si2 [al} )
b2 N RG rr a2 a 521 522 az

giving the electrical scattering matrix for the total system com-
prised of the laser, modulator, and receiver.

V. MEASUREMENT EXAMPLE

We applied the method described above to determine the
magnitude response of a commercial receiver. We used an
integrated Mach—Zehnder modulator in the experiment, and
V. MEASUREMENT OFR AND G IN A COAXIAL SYSTEM we calibrated the response magnitude of our reference receiver
with the heterodyne method of [18] and microwave correc-
fions of [1]. The heterodyne measurement method is used in
standards laboratories because it is traceable to fundamental
physical principles and can be implemented with a very low

Now that we have built a framework for our optoelectroni
measurements, measurementfiobr G with a calibrated elec-
trical VNA is straightforward. First, we calibrate the VNA with
a full two_—port calibration with a 5(_32 reference impedancé. l{n ertainty [19].
and use it to measure the scattering parameters of a modula elgi

optical source connected to our calibrated reference receiﬁer 'g. 3 compares our normalized VNA _measurementtoadwect
) . . . —_heterodyne measurement performed with the procedures of [18]
with known responsé (see Fig. 2). Using (9), we determine

the responsé& of the optical modulator froné = S»1 /R and :ndr[ol].,n\:vz;:;h %aSGa(?ép'ﬁ::?ng;g dstz\i/nl\(;l:rg urnge.rstarl]rg.); of
its reflection coefficient’,, from S;;, completing characteri- pproxi yu ) ! urve ISy

zation of the modulator. If we replace our calibrated refereng cause of the weak signal from the unamplified receiver,

receiver with an uncharacterized receiver, we can repeat the qv}lo—'Ch Is operating at a low photocurrent to maintain receiver

. : S Inearity. Nevertheless, this figure demonstrates the accuracy
cedure and determine the uncharacterized receiver's respogfs e procedure based on a calibrated VNA and calibrated
from R’ = S}, /G, and its reflection coefficient’. from S},, P

where the primed quantities refer to the measurements of {ﬁé(rargnce receiver. .
. o illustrate the importance of the corrections performed by
second receiver. ,
the network analyzer, we turned off the network analyzer’s cal-

Our calibration approach uses a complex respdh®at ac- ., .. :
counts for both the magnitude and phase response of the re'fl%rr@t'on apd repeated the measu.rement. The uncahbrgted VNA
rve of Fig. 3 clearly shows the importance of corrections and

ence receiver. In the past, calibration of the phase response o He L

reference receiver has relied on methods that are not traceatl Feneed for calibrating the network analyzer.

to fundamental physical principles. In [11], a VNA and a model

of the modulator was used to estimate the phase response of the

reference receiver. An oscilloscope whose response was derived VI. LINEARITY

from a model was used in [12] to estimate the phase response

of a receiver. Also, oscilloscopes that were calibrated with theAs mentioned above, the linearity of the receiver is an
nose-to-nose method (described in [13] and [14]) were useditaportant consideration. The unmodulated portignof the
characterize the phase response of receivers in [15]. A recemtptical signal flowing through the modulator can saturate
developed method for measuring both the magnitude and phtse response of the receiver [20]. Reference receivers with
response of an optical receiver, which can be made traceablathigh compression point minimize this effect. Examples of
fundamental physical principles, is described in [16] and [17highly linear receives are given in [21]-[23]. You can verify
Traceable measurement of the response phase of a referenclrrear operation by changing, to apy, (Wherea = 0.5) and
ceiver is currently an area of intense research and is outside ¥eeifying thatSs; changes tevS>;, within an acceptable level
scope of this tutorial. of accuracy.
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VIl. SCATTERING MATRICES OF INDIVIDUAL CPW reference plane
OPTOELECTRONICCOMPONENTS Optical port

The electrical behavior of any modulator—receiver pair sat- 1?0“1 _¢ v Port%
isfying the basic assumptions we employed in this study can Optical §\\\\\“\\\\\\\\§@H Wafer- |_}
be analyzed with the scattering matrix (9). However, the scat- modula- i\ \\§§§§§ probe i
tering parameters of a modulator—receiver pair can be formally : or o :
decomposed into a scattering matfly, for the modulator and On-wafer
a scattering matrixs,. for the receiver with receiver

~ r,, 0 Fig. 4. Schematic of on-wafer receiver measurement showing coaxial

reference planes at ports 1 and 2, the optical reference plane at the fiber output,

G 0 and the coplanar waveguide (CPW) reference plane. The response of the
on-wafer receiver is defined by the optical and CPW reference planes and the
0 0 response of the wafer probe is defined by the CPW reference plane and the
d — (10) coaxial reference plane at port 2.
r = .
R T,

] ) combined response of the on-wafer receiver and probe. This can
These matrices have the properties that, when cascaded UG ccomplished by converting the scattering mafixof the

the conventional rules for combining electrical circuits outlineghceiver and probe combination and the scattering maiyif
in [5] and [6], they give the matrix (9). That is, whe$}.  he probe alone, as determined by a two-tier calibration proce-
and S, are converted into cascade matrices (as describedgife [24], into cascade matricé;, andZ},. We obtain the cas-

Appendix IV), multiplied together, and the matrix product i$.5qe matrix7, of the on-wafer receiver alone by multiplying
reconverted to a scattering matrix, the result is the scatterlgigp by theinversecascade matrix for the probe head

matrix (9) of the modulator—receiver pair. This is true despite

the fact thatG' and R have dimensions, whereas the elements T, = TerT]jl = TTprfl, (11)

of conventional scattering matrices are dimensionless. Since

they differ from conventional scattering matrices, we denofénally, we reconvert the cascade matffix back into a scat-

the optoelectronic scattering matrices with a tilde and we dering matrix. Reference [25] also gives a procedure for deem-

not call G and R scattering parameters. bedding the scattering matrix of an optical receiver or laser from
Decomposing the scattering matrices of the system with (1&)probe head. However, the mathematical formalism described

has no fundamental advantage over treating the modulator &egle is much more straightforward and compact.

receiver as a pair and using (9). However, this decomposition

does make it possible to summarize the properties of a single IX. DISCUSSION OFRESTRICTIONS

optoelectronic component with a scattering matrix.

Furthermore, the description of the electrical waves at th?ltth'; (')mggglan;rttz k,Ae\te&;nomg::ilthirrtiSt\/r\;(e:tlr%nsuicr)fe;h':;;?efg:ya
electrical ports in this formalism is consistent with that of stan- P ports. P ports, q !

dard microwave circuit theory. As a result, we may CaLscade%lngle-frequency electrical excitation, the intensity modulation

deembed (remove) electrical circuits from the electrical port% the optical carrier be of the form given in (4) and that

optoelectronic components characterized in this way using tn & rc? Bet ng :/evlerS(tahoprtlclzatIi vr\gavi?]. 'ghes: q reng;enr;nennts ;/;e:e
conventional rules outlined in Appendix IV and in [5] and [6]. eeded to develop the relations in (6) and (9). ong othe

For example, after measuring the scattering magiof an things, they eliminate the effects of coherent optical interference

optical receiver, we can cascade the electrical scattering paré)ﬂét:jnggfﬁ:rimfr?éstﬁz(ifrv:: dlnar[;ll]éf:-:iiﬁaer:?;izaerg SOt
eters of an amplifier onto the electrical port of the receiver a y y y

determine the scattering parameters of the combination. Thi§ %?rsnt“fg]tigtat'ﬁtné erimentillustrates the need to eliminate
done by converting,. and the scattering parameters of the an%h 'mp ugnt experi i Ml

plifier into cascade matrices, multiplying these cascade matric & backward-traveling optical power atthe optical port. Imagine

together, and reconverting the matrix product back into a schtat you have assembled and calibrated a test set consisting of

tering matrix. The procedure is also explained in Appendix Io \t/i’c\rl\’moop(;ljclzltor?ZggI?;Z:e,i\?enrdar?epggalinr(aegg\éetrc’) :Q,:j ré?lztcttgi
and in detail in [5] and [6]. p 9 y

of the optical power incident upon them, as good engineering
practice would dictate.
Now consider what happens when you test an imperfect op-
If we determine the scattering mat$, of amodulator using tical modulator that reflects some percentageof the back-
the method above, we can substitute the reference receiver withird optical wave incident upon it and that is connected to a
the on-wafer-receiver/wafer-probe combination shown in Fig. ghort piece of nonreflective optical fiber. The total gairf the
This combined receiver has optical and coaxial ports that arptical modulator and fiber will be reduced somewhat from the
compatible with those of the reference receiver. gain of the optical modulator alone due to the reflection at its
To characterize the on-wafer optical receiver between the apstput, but will be otherwise unaffected.
tical port and the CPW reference plane, we can now deembedf you test a short piece of optical fiber driving an imperfect
(remove) the effect of the probe from the measurement of thptical receiver that reflects some percentggef the forward

VIIl. ON-WAFER MEASUREMENT EXAMPLE
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optical power incident upon it, the total respordggou measure in principle, be characterized with supplemental measurements

will also be reduced somewhat from the response of the optiealdd instrumentation, the formalism would also have to be

receiver alone, but again, will be otherwise unaffected. capable of accounting for thadditional electrical harmonics
However, when you connect the optical-modulator/outpuintroduced into the system by optical/optical components that

fiber/input-fiber/optical-receiver combination together, yofilter the optical sidebands of the modulated optical signal.

create an optical resonator in the optical fiber between the

modulator and receiver. The response of this optical resonator X. CONCLUSIONS

will depend sensitively on the optical frequency and chirp of

X . We have described a straightforward procedure for char-
the optical carrier from the modulator, the coherence length of, " . ) . ; .

: . " acterizing optical modulators and receivers with a calibrated
the optical source, the exact distanceoistical wavelengths

between the modulator and receiver, and the loss in the opti\c/:yA. and a calibrated referencg recelver. T_he method only
. : . requires that the modulated optical source linearly modulate
fibers forming the resonator. Most importantly, the shal

13 ) . i .
. e optical power, that the receiver respond linearly to this
wavelength dependence of the optical resonator would Chanrﬂgdu?ated gptical power, that the opticgl power atythe ap-
not only the overall magnitude and phase of the microwaye '

modulation on the optical carrier, but also its shape, adding a'(f-al port have the form of (4), and that there be no reflected

ditional (and unexpected) electrical harmonics into the systeﬁptlcal power at the optical port connecting the modulator

That s, the filtering nature of the resonator could remove pow??d receiver. Within the constraints of these assumptions, the

¢ . . i)rmalism is rigorous and consistent with common practice
rom the fundamental of the drive frequency in a way th%r electrical network measurements

depends on the exact wavelength of the optical carrier, which'is ’

also not characterized by our measurement system. As a result,

the separate measurements of the individual optoelectronic APPENDIX |

components would not predict the performance of the system, RELATING /2 AND NORMALIZED FREQUENCY RESPONSER”

Now let us examine two limiting cases of the optical co- Sometimes normalizing the output of the signal of the
herence. If the optical source has a coherence length muebeiver (photodiode) to the generated photocurrent is better
greater than the distance between the modulator and receitiesin normalizing to the input optical power, i.e., the normalized
submicrometer changes in the optical path length will caufrequency respons®? may be a better characterization of the
the measured optical signal to vary by a significant amoumeceiver thar?. This might be the case when the dc responsivity
This variation is not described by our formalism, which only, of a fiber-connectorized receiver is poorly characterized
accounts for effects that change the modulation envelope, hatause the connector insertion loss is not repeatable [32],
is it accounted for in commercially available LCAs. Even i{33] or whenn is unknown. The heterodyne method [18] is
the source has a very short coherence length, the positiongofimonly used to measufg?.
the reflections and their reflection coefficients must be mea- The normalized frequency resporigéis defined as
sured for a complete characterization of the system. Again,

this information is not available in the simple measurement R2 = Pre (12)
system shown in Fig. 2 or in commercial LCAs. N 12-2 m27
Accounting for the optical reflections and coherence would 2 de "

greatly complicate the measurement of simple qptoelectro%%ereprf is the RF power the receiver delivers to aB0ead
components, and we need not account for them if there are no

back reflections in our system. Our restrictions are easil (aﬁ1 diq. is the dc photocurrent drawn by the receiver when illu-
P y i L Y inated by the constant componegiof the optical signal. The
usually) satisfied in common microwave applications [26], [2

: . ' relationsP,y = 1|bs|? andig. = ive
and in systems for measuring modulator, laser, and receiver re- w0 = 50| de =10 9

sponse by using good design practices. These commonly used

1
practices include using wedged dielectric interfaces, antireflec- ) §|b2|2
tive coatings, and optical isolators. =T (13)
Our restrictions, however, and the lack of information on the B) (pom)*m?*Z,

optical carrier prevent us from developing scattering-parameter

representations for many optical/optical components, as waeren is the dc responsivity of the receiver, in amperes per
done in [28] and [29], and for optical/electronic componentsyatts, when driving a 502 load. Applying (7) gives the relation
as was done in [30]. For example, it is not possible to devel®getweenR andR? as follows:

a scattering-parameter representation for optical/optical or )

optical/electronic components if those components generate R2 = Ll )
optical reflections, if they are dispersive, or if they filter the U
optical signal, for example, by eliminating the optical carrier or
one of the sidebands. Any formalism capable of accounting for
these effects would require information about the wavelength,
phase, and coherence length of the optical carrier [31]; infor-
mation not contained in the scattering-parameter formalismThe normalized frequency response can be directly measured
described here or in [28]-[30]. Although these properties couldjth a calibrated VNA system whep, andm can be varied

(14)

APPENDIX I
MEASURING THENORMALIZED FREQUENCY RESPONSER?
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independently, such as when the optical source (laser) is exterThe responsivity of the receiver (in volts per watt or amperes
nally modulated. The normalized frequency respdit@eof an  per watt) can be obtained by dividing the source voltage or cur-

unknown receiver is determined from rent bympgel®.
L2 The small-signal current response (ac current slope effi-
R2 = 521 (Po) R2, wheni/,. = iq. (15) ciency)n; of a_modulator or Iasc_ar is the ratio of _the opti_cal
S21(po) power modulation to the input drive current. We will now find

where®? is the normalized frequency response of the referen?éIn terms of the measured quantitésandr’,,. We use (18)

. . 0 flind the current and voltage at the input port in terms.pf

receiver used to calibrate the system. Here, the average optical . : .
, . . ahd the modulator’s reflection coefficieht, = by /ay
powerp;, must be adjusted unti; ., the photocurrent from the
unknown receiver, is matched tg., the photocurrent from the vy = \/Z a1(1+Tyn)
reference receiver, by varying the optical source power. Here,
S21 andS4, (the forward transmission coefficients for the mea- i1 =
surement system with the reference and unknown receivers, re- VZr
spectively) are functions of the optical power at which they are The current modulation responsgis found by substituting
measured. a1 from (6) into (21), and solving for the optical modulation per
We derived (15) using the definition 6%, in (9) and expand ampere drive, which gives
G using (6). Whilepy, changesa; andm are kept constant. ,
After canceling like terms, we obtain the ratio _ mpoe?® _ GVZ,
T 1-T,’

. Shu(ph) PoR  Sh(ph) nR 1

So1(po)  po Sai(po) W

a1

(1-Th). (21)

(22)

(16) The small-signal voltage response (ac voltage slope effi-
ciency) n, of a modulator or laser is the ratio of the optical

The last step in (16) was made using the constyaint= pyn’. power modulation to the input drive voltage. The voltage

Sincen andy’ may not be equal, we need to vagyto maintain modulation responsg, is found by substituting:; from (6)

this constraint. Squaring and using (14) gives (15), which is o (21) and solving for the optical modulation for a given

desired result. input drive voltage, from which we obtain
Jjo
APPENDIX Il ey = POC _ ¢ . (23)
RELATION BETWEEN MEASUREMENTS AND v1 VZ, (14 Ty)
EQUIVALENT -CIRCUIT MODELS The w-voltage V. is a commonly specified property of an

Here7we relate our measured receiver respmtandard eleCtl‘OOptiC modulator, defined in terms of the Iarge'signal
Thévenin and Norton equivalent-source models, and we rel&@del (transfer function) of the modulator [34]
the modulator respongeto the input drive voltage and current. 7Re(vrei*)

The Thévenin equivalent voltage of the receiver with input p(t) = po [1 + sin <7>] ) (24)

. . . Ve
given by (4) is equal to the voltage that the receiver generates
across an open circuit. To solve for, we use the fact that the That is, V; is the input voltage that gives a changeroin the
amplitude of the wave reflected by the open circuit is equal trgument of the modulator’s transfer function. When| <
the amplitude of the wave incident upon it. Thus, we can sg}, we can approximate (24) by the first term of its Taylor series
az = by in the second equation in (8), which gives expansion to give the small-signal modulation

7rp0|v1|

s

_ ja -1
by = Rpome’®(1 —T')™" a7 p(t) =~ po + cos(wt + arg(vy) + ) (25)
We can rewrite (1) as
@) wheres accounts for a delay between the input drive voltage and

V= /Zr(a +b) output optical modulation. Hence, the small-signal modulation
L depthm = =|v1|/V: can be found by equating (25) with (4).
i= 7 (a—b) (18) Substituting into (23) give¥’ in terms ofG andT’,
” _ o o
which we combine with (17) to obtain Vi = |G Zy |1+ T (26)
2vV/Z. R

o1 = 02,0, = 2V 20 b2 = (pome’?) (19)

APPENDIX IV
CASCADE MATRICES

(1 _Fr>.

The Norton equivalent currenf; of the receiver is the out-

going current the receiver generates across a short circuit. In thi§19: 2 Shows two components connected together in series.

casess = —bs. Using (8) and (18), we obtain We_wish to fi.nd 'Fhe scgttering matriS(Tf,ml that Qescribes the
series combination using the scattering matriSgsand Sg
2R that characterize the individual components. Since the scattering

(20)

i — Jjo . .
IN = L2|short (mpoe’®) VZ, (1+T,) matrix does not relate theandb waves at an input port to the
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Fig. 5. Components, individually described by scattering matri¢esand Electsi )
! A N > X ectrical Electrical

S 5, when connected in series can be described by a combined scattering m:

3 p
reflectometer & ! ';’ 2 reflectometer

STotal- A ' . @B
J < —= < NS ‘
' ptlca :
andb waves at an output port, we cannot multiply the individuz reference

5

scattering matrices of the adjacent components in Fig. 5 to ¢ Modulated \2% ;;;;;;;;;;;;;;;;; T f Optical
tain the total scattering matrix, i.e., optical source , ) receiver
STotal 7é SaSB- (27) (b)

Fig. 6. (a) Simplified schematic of an LCA. (b) How a calibrated reference

Ty The

[%} 28) reference planes; and¢&,. Using this calibration, a measure-
Tor T

The cascade matrix/[ [5] defined by receiver is connected to the LCA during calibration.
bi|
[al} - bs ment of the reference receiver [as sketched in Fig. 6(b)] deter-
mines the scattering parameters corresponding to the product
relates waves at one port to the waves at another port. The CH;—lfmTN,n, whereT4 is the cascade matrix of the switch and
cade matrix (28) is also sometimes referred to as a transniable betweemt andé&;, T, is the cascade matrix of the modu-
sion matrix or al’-matrix. The total cascade matri... Of lator between reference plaeand reference plan®;, andZ,

the components in series is is the cascade matrix of the calibrated reference receiver. Thus,
when we extract? andI’,,, from (9), instead of determining the
Trotal = Ta1s. (29) gain and reflection coefficient of the modulator, we determine

] ) instead the responge and reflection coefficienf’,,, of the cir-
The elements of the cascade matrix can be found in termsft corresponding tdjlfm.

the scattering matrix elements by relating (3) and (28) to Obtai”However, if we now connect an uncharacterized optical re-

ceiver betwee®; and&,, we measure the scattering parameters
_1 S12521 — S11S2  Sn (30) corresponding to the circulf; 17, T/, whereT”. is the trans-

S —S22 1 mission matrix of the as-yet uncharacterized receiver. Thus, we
o ] can still determine the uncharacterized receiver's respése
and the cascade matrix is converted back to a scattering mafgm p/ — 1. /G and its reflection coefficierit’. from Sy,, as

using the transformation G refers to the gain of the circuit correspondin@ngm that

[T]

T TTon — T, we wish to remove from the measurem@nt' 7,,, 7.
[S] = B e i (31)  Calibrating the receiver arm of the LCA proceeds in a sim-
T | 1 —T5 ilar fashion. With portD, connected directly t@, and both of
the switches in the “down” position, we measure the scattering
parameters corresponding to the prodligt 7,,, 7/ T5*, where
APPENDIX V

T is the cascade matrix of the path from reference ptan®e
reference plang and1” is the cascade matrix of the analyzer’s

In this section, we discuss a method for calibrating an LCEeceiver situated betwe€?, andB. Thus, when we use the gain
that has the architecture shown in Fig. 6. The LCA has two elgg-corresponding to the circuft, *7,,, characterized earlier, we
trical ports&; and&,, as well as an optical output paft; and determine the response and reflection coefficient of the circuit
optical input por©¥s. By setting the switches appropriately, thiorresponding td”/ 7. This is exactly what we need to cal-
analyzer can be used to characterize components with two elégate measurements of optical modulators connected between
trical ports, or with one electrical and one optical port. In the fof1 and O and tested with switct! in the “up” position and
lowing discussion, we show how this analyzer can be calibraté¥itch B in the “down” position.
with methods similar to those we described in Section IV.
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